ABSTRACT. The natural hybridization between Papio anubis and P. hamadryas in central Ethiopia was studied from a population genetical perspective. Studies were made using electrophoretical blood protein variations as markers in order to clarify the genetic relationship between them. A total of 563 samples from ten populations which were collected in the field studies with a socioecologist in 1976 and 1979 were examined for 34 blood protein loci. Ten of the 34 loci showed polymorphism. The Tf, PA-2 and Es were found to be effective for discriminating between the anubis and hamadryas. Genetic variability, hybridization rate, genetic distance, migration rates and correlations between genetical and morphological and between genetical and behavioral indices were computed and analyzed. The results of the present genetic survey revealed that most of the populations from which the author collected blood samples were more or less hybridized. The i 'qEi's (1975) genetic distance between the two species was estimated to be 0.0679 at most. As this value is too small to consider these species as real biological species, it is supposed that the natural hybrid zone is fairly wide and still expanding nOW.
INTRODUCTION
Taxonomy of the genus Papio has been in a controversy over the past 20 years (TAPPEN, 1960; DEVORE & WASHBURN, 1963 ; BUETTNER-JANUSCH, 1963 ; JOLLY, 1966 ; ROTH, 1965 ; GROVES, 1972; MAPLES, 1972; JOLLY & BRETT, 1973; SZALAY & DELSON, 1979; IWAMOTO, 1980) . The natural hybridization between the hamadryas baboon, Papio hamadryas and the anubis baboon, Papio anubis, considered to be dearly different species taxonomically, was discovered by KUMMER, GOETZ and ANGST (1970 ) and NAGEL (1973 Dr. MASAO KAWAI sent scientific expeditions to Ethiopia to study this natural hybridization phenomenon socioecologically, morphologically and genetically. The author took part in these expeditions to analyze the present genetic status of the hybrids. He made field surveys in central Ethiopia in the vicinity of the Awash National Park with Dr. K. SUGAWARA, socioecologist, under the supervision of Dr. KAWAI to get genetic data over a period often months. Protein electrophoresis is the most efficient technique for quantifying genetic differences between closely related species (SELANDERr 1976) because of the selective neutrality of protein variations (KIMURA, 1968; NEI, 1974 NEI, , 1975 . The author had previously studied the population genetics of Japanese macaque, Macacafuscata, and had undertaken a systematic study of the genus Macaca using blood protein variations as a genetic marker (SHOTAKE, 1974 (SHOTAKE, , 1979 SHOTAKE & NOZAWA, 1974; NOZAWA, SHOTAKE & OrIKURA, 1975 ; NOZAWA et al., 1975 NOZAWA et al., , 1977 . He further intended to study the popula-*This work was supported in part by Grants in aid for scientific research (Overseas scientific research, 1975) and of the Overseas Special Research Programme of the Primate Research Institute, Kyoto University in 1978 by Ministry of Education, Science and Culture. tion genetics and taxonomy of the baboons by using the same method (SHOTAKE, NOZAWA & TANABE, 1977; SHOTAKE, 1980) . SO far, some genetic variations of blood protein in the genus Papio have been reported (BUETTNER-JANUSCH, 1963 ; BARNICOT et al., 1965 ; BARNICOT, JOLLY & LADE, 1967; K ITCHIN, BARNICOT & JOLLY, 1967; MCDERMID, Vos • DOWNING, 1973; OL1VIER, BUETTNER-JANUSCH & BUETTNER-JANUSCH, 1974; CRAWFORD & O'ROURKE, 1978; LUCOTTE, 1979) . However, most of these studies did not attempt to make quantitative comparison between populations or species, whereas the taxonomic status of the species in the genus Papio was in a controversy. The author published a preliminary paper dealing with the blood protein polymorphisms in Papio anubis, Papio hamadryas and their hybrid, and with estimates of the amount ofgene exchange and the genetic distance between the two species from the data of the first expedition in 1976 (SHOTAKE, NOZAWA & TANABE, 1977) . The present paper is an extension which presents additional data and results obtained in the second expedition in 1979 and a few corrections of preliminary report.
MATERIALS AND METHODS
The field survey and blood sampling were carried out in both 1976 and 1979 at the speciesborder between the anubis and hamadryas baboons in the Awash Valley and on the northern edge of Awash National Park where hamadryas baboons lived south of Cassem River. NAGEL (1973) , KAWAI and SUGAWARA (1976a, b) and SUGAWARA (1979, in press ) give a detailed interpretation on the hybrid zone between the anubis and hamadryas baboons. In Figure 1 and Table 1 the places where blood sampling was carried out are indicated by alphabetical abbreviation.
AI: THE ANUBIS BABOONS OF ITO TROOP
The anubis baboons which had a sleeping site in gallery forest located 5 km above the Awash Falls (Fig. 1 ). This troop consisted of 73 individuals including two hamadryas adult males which had immigrated into this troop in 1976. However, in 1979 the size of this troop had decreased to 53 individuals including one hamadryas adult male who was different from the two individuals observed in 1976. A total of 27 blood samples were obtained in 1976 and 1979 .
AW: THE ANUBIS BABOONS OF WELENCHITI TROOPS WHICH LIVED IN SOUTHEASTERN PART OF WELENCHITI TOWN
Thirteen blood samples were collected from the animals which had been captured by animal dealers living in Modjo Town near Addis Ababa in 1976. The place where these animals were captured was located about 15 km southwest Garibaldi Pass, where KUMMER (1968) saw a hybrid male and several hybrid females during his 1960 survey.
AK: THE ANUB1S BABOONS OF KENYA
These consisted of the individuals imported by the Japan Monkey Centre from Kenya 20 years ago and their descendants. The author took 28 blood samples from these animals before leaving for 1975 expedition and had stored them in a deep freezer at --90~ A hybrid baboon troop had a sleeping site on a cliff at 4 km below the Awash Falls (Fig. 1 ). This troop was intensively studied by the socioecologist of our party and was found to consist of 63 individuals in 1976 (SuoAWARA, 1979) . The author got 18 blood samples and some morphological data from this troop in 1976.
MK: THE HYBRID BABOONS OF KERRAYU TROOP
A typical hybrid baboon troop had some sleeping sites on a cliff at about 10 km below the Awash Falls near Kerrayu lodge (Fig. 1 ). This troop which was also studied intensively by the socioecologist and found to consist of 85 individuals (SUGAWARA, in press). The author got 43 blood samples and some morphological data from this troop in 1979.
HBA AND HBB: THE HAMADRYAS BABOONS OF BASSAKA A AND B BANDS
These bands sometimes joined together and made a troop in a sleeping site located on the northern edge of Lake Bassaka at the foot of Mr. Fantale. At first, it was thought that this troop was of pure hamadryas baboons, but after habituation, it was found that the troop included two adult anubis males and seven hybrid males. Thirty-nine blood samples were collectecl from the A band (70 individuals) and 19 from the B band (45 individuals) in 1976.
HS: THE HAMADRYAS BABOONS OF SABURE GORGE TROOP
Thirty-five blood samples were collected from animals which had been captured near Sabure village and transferred to Metahara by an animal dealer in 1979.
HC: THE HAMADRYAS BABOONS OF CASSEM GORGE TROOPS
Forty-nine blood samples were obtained from the animals which had been captured along the Cassem River and transferred to Metahara by an animal dealer in 1979.
HAG: THE HAMADRYAS BABOONS OF AWASH GAME RESERVE TROOPS
These samples were collected at the stock farm of animal dealers, who caught the animals from several troops living in Awash Game Reserve located 70 km northeast from Awash Station. This was on the northern limit of the hybrid zone described by NAGEL (1973) (Fig. 1 ). Blood sampling was carried out several times in each population for about two months from January through March 1976 and for about five months from February through July 1979. The samples were brought to the NAMRU 5 Institute in Addis Ababa in 1976 and to a private Italian laboratory in Addis Ababa in 1979. Red cells and plasma were stored separately at --60~ in 1976 and at --25~ in 1979 until the author's departure to Japan.
Thirty-four genetic loci controlling 31 kinds of blood proteins were examined by starch and agar gel electrophoreses. They are listed in Table 2 . Sampling of a protein locus was random, having no relation to whether the existence of genetic variation at this locus was likely or not. For some proteins the presence of a genetic polymorphism and the mode of inheritance in the genus Papio have already been determined [for Tf, see BUETTNER-JANUSCH (1963) , BARN~COT et al. (1965) and MCDERMID, Vos and DOWNING (1973) ; for CA-I, see BARNICOT et al. (1965) and BARNICOT, JOLLY and EADE (1967) and OLIVIER, BUETTNER-JANUSCH and BUETTNER-JANuSCH (1974); for 6PGD and Pi, see MCDERMID, Vos and DOWN-ING (1973) ]. The system of symbols for polymorphic loci used in this paper differs from that adopted by the above authors on account of difficulty of identification. As for the mode of inheritance of other variable proteins, condominance relations were assumed because equivalent electrophoretic bands were observed in postulated heterozygotes. At all genetic loci, the allele frequencies in individual groups could be calculated by a simple gene-counting method.
The genetic variability within populations was quantified by measuring the proportion of polymorphic loci (Ppoly) (the criterion of polymorphism was the frequency of the commonest alleles < 0.99); the expected proportion of heterozygotes per individual, that is, BARNICOT et al. (1965) OMOTO et al. (1970 ) BARNICOT et al. (1965 IML~ (1964) OGITA ( (ITAJIMA et al. (1975) /7 : 1 --~ qd, 1 where qi was the frequency of the ith allele at a locus and the average was over all loci including loci without variation; and the effective number of alleles per locus, that is,
From the gene frequency data, the genetic distance was calculated in every pair of the populations. The genetic distance was obtained from the normalized identity of genes as devised by NH (1974 NH ( , 1975 . That is, the distance between the jth and kth population, D:.k, was calculated as In the formulae I was the normalized identity of genes (genetic similarity), qij and qtk were the frequencies of the ith alleles at a locus in thejth and kth populations, respectively, and the averages were over all the gene loci examined including loci without variation.
RESULTS

DESCRIPTION OF BLOOD PROTEIN POLYMORPHISM
Of the 34 genetic loci examined ten loci, that is, Tf, Pi, PA-2, Plasma Es, 6PGD, PGM-I, PGM-II, ADA, CA-I and AK showed polymorphism. In the previous report (SHOTAKE, NOZAWA t~ TANABE, 1977) TBPA locus was polymorphic, but it was clarified by the succeeding examination that this locus was completely monomorphic. This locus was not therefore used for genetic analysis in the present work. The author found a new allele in PA-2 locus in the present study. The patterns of the electrophoretic variations are shown in Figure 2 . Table  3 gives the frequencies of different alleles occurring at each locus in the ten populations of baboons. Detailed interpretations of these variable loci are as follows.
Tf (Plasma transferrin)
The author found eight kinds of genotypes, that is, DD, DD', D'D', D'E, DE, EE, D'C and EC controlled by four alleles at this locus among the hamadryas baboons, the anubis baboons and their hybrids. The mobility difference between D and D' alleles was slight and it was sometimes difficult to distinguish the genotypes D'D, DD or D'D'. But this problem could be solved by running the samples side by side on electrophoresis. Tile hamadryas baboons had two alleles, D and E. These alleles seemed to correspond to S and F alleles, respectively, which BARNICOT et al. (1965) had found in the hamadryas baboons. The anubis baboons had the alleles C, D' and E. These corresponded probably to S, M and F alleles, respectively, of the yellow baboons (Papio cynocephalus) as reported by BARNICOT et al. (1965) , and to the A, B and C or 3, 2 and 1 alleles, respectively, described by BUETTNER-JANUSCH Table 3 (1963, 1965) , to the A, B and C alleles, respectively, of chacma baboons (Papio ursinus) as reported by MCDERM1D, Vos and DOWN1NG (1973) , and to the S, M and F alleles, respectively, of the guinea baboon (Papio papio) of LUCOXTE and GUmLON (1979) Several researchers investigated the Tf locus of Chaeropithecus baboons, but, with the exception of BARNICOT et al. (1965) , they could not find the allele corresponding to our D allele in the hamadryas baboons. Also, in the present work, the D allele could not be found in the anubis populations AK and AI. The author found the D allele with a low frequency in AW group, but it was probable that this group had been hybridized with the hamadryas as described in Materials. It was inferred that the D allele did not exist in the anubis and that the D' allele did not exist in the hamadryas, because the frequency of D' allele was very high in the anubis groups AK, A1 and AW, but very low in the hamadryas groups HBA, HBB, HS, HC and HAG. CRAWFORD and O'RouRKE (1978) reported that there were only two alleles in the hamadryas baboons housed at the Sukhumi Center, USSR. The D' allele in HBA, HBB, HS, HC and HAG would thus be the result of the migration of anubis genes from outside.
Pi (Plasma protease inhibitor or at-antitrypsin)
The author found three alleles and four genotypes at this locus ( Fig. 2) . As the anubis populations were completely monomorphic and the variants were observed in the hamadryas and hybrid populations only, it was inferred that the variant allele N and Q had originated from the hamadryas populations. MCDERM1D, Vos and DOWNING (1973) reported two alleles in the chacma baboons, but the author could not compare the mobilities of their alleles with ours. BARNICOT et al. (1965) reported that there were two alleles at this locus, but the present author found three alleles and six phenotypes. The phenotypes with the fast, middle, slow and double bands were assumed to correspond to the genotypes, 1-1, 2-2, 3-3, 2-1, 3-1 and 3-2, respectively (Fig. 2) . The 2 allele was observed to have high frequencies in AK and AI populations which were considered to be pure anubis, while the other populations displayed polymorphism. The frequency of the 1 allele was about 75 ~ in the hamadryas groups HBA, HBB, HS, HC and HAG. This locus is thus considered as an effective locus for discriminating between the anubis and the hamadryas populations.
PA-2 (Plasma prealbumin-2)
Es (Plasma esterase)
This plasma esterase was considered to exist in the A zone of BARNICOT et al. (1965) . The author found two esterase bands in the plasma prealbumin area by using the SgAw and PRASAD'S (1970) method. The phenotypes with the fast, slow and double bands were considered as expressions of the genotypes F, S and FS, respectively (Fig. 2) . The S allele was apparently at fixation in the AK and AI populations (considered to be pure anubis), but the hamadryas populations exhibited high polymorphisms with about fifty-fifty gene frequencies. This locus was also an effective locus for discriminating between the anubis and hamadryas populations.
6PGD (Red cell 6-phosphogluconate dehydrogenase)
The author found a variant band with a slightly slower mobility than the common bands. The common phenotype being E, the variant phenotypes were named as EF and F (Fig. 2) . MCDERMID, Vos and DOWNIN~ (1973) also found a variant allele in the chacma baboons, but this variant allele seemed to be different from the one found by the present author judging from their mobility. The pure anubis groups did not have the variant, but the hybrid and hamadryas groups were polymorphic.
PGM (Red cell phosphoglucomutase)
It might be thought that the Papio PGM were controlled by two genetic loci, PGM-I and PGM-II, as in other primate species (SHOTAK~, OHKURA & NOZAWA, 1975) . However, the isozymes controlled by the PGM-I and PGM-II loci appeared at rather more separate positions than those of other primates on electrophoresis. The author found that the PGM-I locus was polymorphic in the anubis baboon, while the PGM-II locus was variable even in the hamadryas baboon (Fig. 2) .
ADA (Red cell adenosine deaminase)
The common ADA type seemed to be controlled by the normal allele 2 and the variant type with a faster band by the other allele 4 (Fig. 2) . The anubis population from Kenya, AK, was polymorphic at this locus. The author found some variant alleles in HAG, HS and HC groups and it was postulated that the variants had been brought into these groups by immigrants carrying the anubis genes.
CA-I (Red cell carbonic anhydrase)
The variant allele found by the present author was considered to be identical with the b allele found by BARNICOT, JOLLY and EADE (1967) (Fig. 2) . As the allele b was observed in AK, AW and HAG populations, the variant could have originated from the anubis populations.
AK (Red cell adenylate kinase)
A variant at this locus was observed in four hamadryas and one anubis groups. We postulated that this variant was a 2-1 heterozygote (Fig. 2) .
We could not find any remarkable polymorphism at the red cell enzyme loci. The Tf, PA-2 and Plasma Es loci, however, were useful for to genetically differentiating baboon populations. In that respect, it was found that the genus Papio differed from the genera Macaca NOZAWA et al., 1977; SHOTAK~, 1979) , Cercopithecus (KAWAMOTO, SHOTAKE & NOZAWA, in press) and Theropithecus (SHOTAKE, 1980) .
ESTIMATIONS OF HYBRIDIZATION RATE
Genetical estimation of the hybridization rate between the anubis and hamadryas was one of the most interesting problems. In considering this, the Tf locus was the best genetic marker, because the anubis had the C, D' and E alleles while the hamadryas had the D and E alleles ( Table 3 ). The hybridization rate can be calculated by the following formula:
where M is the hybridization rate, qo the frequency of D' allele in the non-hybridized population which was zero, qx the frequency of D' allele in the hybridized population, and Q the frequency of D' allele in the anubis population. The hybridization rates of the MG and MK populations were calculated as: respectively; that is, it can be considered that 75.4~ and 32.9 ~ of the genes in the MG and MK populations, respectively, have originated from the anubis. Here, we used to the value of 0.8846 for Q. That is bacause BUETTNER-JANUSCH (1963 reported the existence of an allele corresponding to our E allele in Kenya and because the AI population in our study contained 7~o E and 4~ C alleles. The estimated hybridization rates of the other populations from the anubis population are given in Table 4 . In addition, the hybridization rate was estimated using the polymorphisms at PA-2 and Es loci and calculating the average rate of hybridization for the Tf, PA-2 and Es loci (Table 4) . In these cases, the values of 0.2394 and 0.6083 were assigned to q0 for the 2 allele at the PA-2 and the S allele at the Es loci, respectively, these being the average among the five hamadryas populations. As the estimation of a hybridization rate for AW group by the D' allele was very difficult, the hybridization rate was estimated by the penetration rate of D allele into AW group instead. In this case, Q was assigned a value of 0.1538, this being the frequency of the D allele in HBA group (apparently the purest hamadryas group). The penetration rate for the AW group was calculated as:
0.0385--0 MAw --0.1538--0 --0.2567, and 1 --0.2567 = 0.7433 is given in Table 4 as the hybridization rate of AW group.
QUANTIFICATION OF GENETIC VARIABILITY WITHIN POPULATION
The genetic variabilities of each population are also shown in Table 4 . The proportion of polymorphic loci, Ppo~y, of the MG, MK, HS, HC and HAG groups which were invaded more or less by anubis genes were higher than those of the three anubis groups AK, AI and AW. The average heterozygosity per individual, H, in the pure anubis groups AK and AI was less than 0.03. This is smaller than those of the hamadryas groups, but larger than those (/t = 0.013)of gelada baboons (Theropitheeus gelada), in the central Ethiopian highland (SHOTAKE, 1980) . It is natural that the genetic variability of the AK groups should be small, since this group has been kept in an enclosure for 20 years ago. The/t value of the hamadryas groups HBA and HBB (apparently almost pure hamadryas) was 0.0407 on average, and this is higher than that for the anubis (AK & AI). The fact that the MG and MK groups had the highest H values, 0.0526 and 0.0529, respectively, might suggest that the hybridization was secondary intergradation. Generally speaking, the genetic variability of the genus Papio estimated in the present work was rather less than those for the genus Macaca (NozAWA et al., 1977) .
ESTIMATION OF GENETIC DISTANCE BETWEEN POPULATIONS
The genetic similarity and genetic distance between the populations of baboons were calculated by the NEI'S (1975) method. Matrices of genetic similarity and genetic distance are presented in Table 5 . The average genetic distance between the anubis groups was 0.0041 and that between the hamadryas groups was 0.0024. These values approximate those between troops of Japanese macaque and between herds of gelada baboons (SHOTAKE, 1980) . The average genetic distance between the anubis and hamadryas groups was calculated as 0.0451. This value was slightly higher than the value between Japanese mainland macaque (Macaca fuscata fuscata) and Japanese Yaku macaque (Macaca fuscata yakui), and was only a third of the average genetic distance between species of the genus Macaca, which was 0.1385 (NozAWA et al., 1977) . However, the genetic distance between the anubis and hamadryas baboons estimated in this work is probably an underestimate, because most of the baboon populations from which the author collected blood samples were considered to contain genes from both the anubis and hamadryas baboons. The author, then, attempted to estimate the genetic distance between the pure anubis and hamadryas baboons by NEI'S (1974) formula which corrects the genetic distance between the hybrid populations by the hybridization rate. That is:
Jro )
and Io = Jxro/(Jxo JYo) 1/2, Do = --lnlo,
where p is the proportion of genes in population X that comes from population u and q the proportion of genes in Y that comes from X, and Jxo, JxYo and JYo are the identity of genes corresponding to Jr, JxY and Jy, respectively, before hybridization occurred. 10 and Do are the genetic similarity and distance, respectively, before hybridization. The corrected genetic distances between the anubis and hamadryas populations are given in parentheses in Table 5 . The average corrected genetic distance between the anubis and hamadryas groups was calculated as being 0.0679. This value coincided well with that obtained between the "pure" species inferred in our previous report (SHOTAKE, NOZAWA & TANABE, 1977) . The genetic distances between the hybrid population MG and the anubis groups were smaller than those between the MG and the hamadryas groups, whereas the genetic distances between the hybrid population MK and the hamadryas groups were smaller than those between the MK and the anubis group. Figure 3 is the dendrogram drawn from the genetic distance matrix of Table 5 by using the unweighted-pair-group method (SOKAL & SNEATH, 1963) . It can be concluded from Figure 3 that the MG population had a closer relationship with the anubis than with the hamadryas baboon, whereas the MK population had closer relationship with the hamadryas baboon. This view is supported by the calculated hybridization rates (Table 4) . The AW population was closer to the anubis than the MG population, though AW population had a hybridization rate equal to that of MG populatio.a (Table 4) .
CORRELATIONS BETWEEN MORPHOLOGICAL AND GENETICAL HYBRID INDICES AND BETWEEN RANK ORDERS OF GENETICAL INDEX AND BEHAVIOUR
SUGAWARA (1979, in press) carried out an intensive ecological and sociological survey on the MG and MK groups and determined a morphological hybrid index for each individual belonging to these hybrid groups. The author attempted to test the correlation between the genetical index measured by the protein markers and both of the morphological index and the rank order of behaviour given by SUGAWARA (1979, in press) in order to investigate a detailed status of hybrid group. Table 6 shows the morphological and genetical hybrid indices and the rank order of behaviour in each individual from which blood samples was collected. The morphological hybrid index was determined by SUGAWARA (1979) as follows: eight morphological characters with a clearly different appearance in anubis and harnadryas males were selected. Each character was given score 0 for hamadryas appearance, score 1 for intermediate appearance and score 2 for anubis appearance. The morphological hybrid index of each male is the sum of these eight scores. The rank order of males was defined by SUGAWARA (1979) as the arrangement according to their tendency to herd females. The genetical hybrid index was calculated by the following procedure. Three loci (Tf, PA-2 & Es) for discriminating between the anubis and the hamadryas were used. Each allele at these loci was basically given score 0 for hamadryas type and score 1 for anubis type but some corrections were added for allele frequencies; for the Tf locus, alleles D', C, E and D were given scores I, 1, 0.1 and 0, respectively, because the anubis populations had 10~ E allele: for Es locus, alleles S and F were given scores 0.5 and 0, respectively, because 50 ~ S allele was existing in hamadryas populations: for the PA-2 locus, alleles 2, 1 and 3 were given 0.9, 0 and 0, respectively, because 10 ~ 2 allele was existing in hamadryas populations. The genetical hybrid index of each male is the sum of three genotype scores calculated from the allele scores (Table 6 ). The correlation coefficients between the three loci, between the genetical and morphological indices and between the rank orders of genetical index and behaviour are given in Table 6 . The correlation coefficients among the three loci were approximately zero, suggesting that there were no linkage disequilibrium in these populations and that these populations had passed through many generations since the beginning of hybridization. The correlation coefficients between geneticaI and morphological hybrid indices showed relatively high values for each locus though statistically not significant in MG group, but non-significant negative values in MK group. Also, rank correlations between rank orders of genetical index and behaviour in MG group showed relatively higher value though statistically not significant than in MK group. Several of the animals in the MG group appeared to be anubis individuals which may have immigrated directly into this group from nearby anubis troops. If so, it is likely that these animals have elevated the correlations coefficients between the genetical and morphological hybrid indices and between rank orders of genetical index and behaviour. Also, this phenomenon may suggest that the MG group is the anubis population which has more recently been hybridized by the gene flow from the hamadryas baboons.
MIGRATION RATES AMONG NEIGHBOURING POPULATIONS
Next, the migration rate between neighbouring troops of the hamadryas, the anubis and the hybrid were estimated. WRIGHT (1965) derived a formula giving the functional relationships between Fsr (inbreeding coefficient due to population subdivision) and m (migration rate per generation) on the assumption of island model of population structure, namely:
where ~ and aq 2 stand for the mean and variance, respectively, of frequencies of an allele at a variable locus among populations, and N is the effective size of subpopulation. From this formula, we can estimate the average migration rate (~ per generation) by the following equation:
The author could estimate approximately the effective population size of hamadryas baboons as a half of its census size by the following procedure. NOZAWA (1972) devised a simple formula by which the effective population size of Japanese monkey troops could be estimated. The figures in parentheses give the number of leader males with units; 2) sum of squares of the number of females in one male units; 3) effective population size estimated by NOZAWA'S formula; 4) effective population size estimated by WRmHT'S formula.
boon populations, we can estimate )-~,km~ 2 in the hamadryas population by examining the i composition of troops or bands, because a hamadryas troop or band consists of a number of one male units (KUMMER, 1968) . The author could examine the composition of HBA and HBB bands by the field survey in 1976 and calculated the approximate ~kmi ~ values by the number of one male units and the number of females belonging to them as shown in Table 7 , assuming that a leader male has an equal chance to contribute offspring to the next generation by mating with his accompanying females in his own unit. As a result, it was found that the effective population size was approximately a half of the census size in the hamadryas band. KUMMER (1968) described that the proportion of adult males and females were on average 18.0 and 32.4 ~, respectively, of the census number of the hamadryas populations. The effective population size can be roughly estimated using these values and the WRIGHT'S formula (1938) , N = 4NmNf/(N~+Ny), that is, N = 4 • 0.18No • 0.32Ne/(0.18Ne § = 0.46Nc. Thus, we can again say that the effective population size of the hamadryas baboons is approximately a half of the census size. Also, we could estimate the effective population size of anubis baboons as one third of its census size according to NOZAWA'S (1972) method, because the social structure of anubis baboons is similar to that of Japanese macaques, Macaca fuscata, and assume that the effective population size of hybrid groups was a value between one third and a half of their census size allocating proportionally their hybridization rates.
The average effective size (.~) of two or three neighbouring troops can be obtained from the harmonic means of the N's. Table 8 gives the results of estimation of migration rate between neighbouring bands and troops of hamadryas baboons and between neighbouring troops of anubis and hybrid baboons. Here, the commonest allele frequency at each locus was used for q. The average migration rate (~) between A and B bands in the HB troop shows the highest value and this is comparable with that obtained among three troops which occurred by fission (SuGIYAMA, 1960; KANO, 1964) Consequently, it should probably be concluded that the neighbouring three troops of hamadryas baboons, HB, HS and HC, are exchanging individuals at a migration rate of rather more than 12 ~ per generation. Assuming the genetic equilibrium in the species border and hybrid zone, the migration rates between the two neighbouring groups MG and MK and between hybrid group MG and anubis troop AI were roughly estimated as about 0.075 and 0.139 per generation, respectively (Table 8) . (Table   4) . LUCOTTE (1979) reported that heterozygosities (~) in four baboon species, Papio papio, P. anubis, P. cynocephalus and P. hamadryas were 0.039, 0.018, 0.028 and 0.05, respectively.
OLIVIER, BUETTNER-JANuSCH and BUETTNER-JANUSCH (1974) found two polymorphisms only at the CA loci of olive baboon, Papio anubis, living in the Laipikia district of northern Kenya, It is a somewhat surprising that despite the anubis baboons, Papio anubis, have the widest distribution of the genus Papio, they have maintained a relatively smaller variability compared with the more peripheral species. NOZAWA, SHOTAKE and OHKURA (1975) and NOZAWA et al. (1975) suggested that genetic drift could be a cause of low genetic variability (/~ ~-0.014) within, and marked differentiation between, troops of the Japanese macaque, Macacafuscata. SHOTAKE (1980) also considered that bottle-neck effect would diminish the genetic variability of gelada baboon, Theropithecus gelada, (H ~ 0.013) as a result of a reduction of the population. Genetic drift or bottle-neck effect may be invoked to interpret low genetic variability of the anubis baboons, since their population structure is similar to that of Japanese macaques (KAwAI & SUGAWARA, 1976a, b) and KAWAI and SUGAWARA (1976a, b) suggest that this species has rapidly expanded its distribution area and population size. But, there is at present no evidence available to test the validity of this hypothesis.
Most of the baboon populations from which the author collected blood samples were considered to contain genes from both the anubis and hamadryas baboons (i.e., most of them were more or less hybrid populations). The habitat of the HAG troops was more than 70 km away from the hybrid zone described by NAGEL (1973) in the Awash Valley. The HC and HS troops also lived in the gallery forest along the Cassem river located more than 30 km away from the Awash Valley, while the HBA and HBB bands lived 30 km away from the western edge of the valley. The distcibution area of these populations were located in the area which was indicated as the habitat for pure hamadryas by NAGEL (1973) . The AW troop was located 15 km away from the Garibaldi pass which NAGEL (1973) indicated as the western edge of hybrid zone. This suggests that the hybrid zone between P. anubis and P. hamadryas is not so narrow as originally thought. Field surveys undertaken by KAWAI and SUGA-WARA (1976a, b) and by IWAMOTO (1980) in southeast Ethiopia led them to argue that the hybrid zone extended over an area of about 300 km • 300 km, including the border between Ethiopia and Somalia.
In 1976, we observed that two hamadryas adult males had penetrated into the anubis troop AI and mated with several anubis females. Therefore, we expected in 1979 expedition that we would find many hamadryas genes there; however, we could find few typical hamadryas genes such as D and F alleles at the Tf and P-Es loci, respectively, and could not completely prove that gene flow from hamadryas to anubis had occurred in this hybridization zone as well as that from anubis to hamadryas. However, as we found E and 1 alleles at the Tf and PA-2 loci, respectively, which might come from the hamadryas, the possibility of direct gene flow from hamadryas to anubis was not necessarily excluded. Although gene flow around the border between anubis and hamadryas habitats would mainly be caused by the migration of the anubis females kidnapped by the hamadryas males into the hamadryas troops as postulated by NAGEL (1973), we could not explain the formation of the MG group which consisted of almost pure anubis genes only by one way gene flow. It seems more likely that the hybridi-zation of anubis troops by the hamadryas have been accomplished gradually by hybrid baboons who could adapt to the environment of anubis baboons more easily. Although we consider that the speed of infiltration of hamadryas gene is slower than that of anubis genes, our surveys suggest that hybrid individuals of every grade between the two species of baboons are found in our study area. Then, it appears that the hybrid zone between the anubis and hamadryas baboons is still expanding now. Although NAGEL (1973) argued that an evolutionary approach to the species problem should consider reproductive isolation between populations in terms of not only interbreeding [MAYR' S (1963) definition], but gene flow [BIGELOW' S (1965) definition], SZALAY and DELSON (1979) described by only MAYR'S definition without considering gene flow that Papio anubis and P. hamadryas were subspecies within a species. Our results show that there is no reproductive isolation between the two baboon species and this hybridization phenomenon suggests by BIGELOW'S (1965) definition that they probably are subspecies within a species.
NEI (] 975)has shown that the genetic distance between local races within species was in the range of 0-0.0058, and between species within genera in the range of 0.5-2.5. Our estimation of genetic distance between local populations of the hamadryas and of the anubis approximated to the NEI'S range of distance between local races. However, the average genetic distance between the anubis and hamadryas corrected for hybridization rate was 0.0679 and this value was less than one tenth of the distance between species. This value was about a half of the average genetic distance between species of the genus Macaca (namely, 0.1385 (namely, 0. : NOZAWA et al., 1977 . LUCOTTE (1979) SHOTAKE, 1978) and SHOTAKE (unpublished data) estimated it as about 0.60 between Theropithecus and Papio. These values were close to the lower limit of the distance between species. We had already suggested that the classification of Asian macaques should be reconstructed by lowering so-called genus to species rank and so-called species to subspecies rank (NozAWA et al., 1977) . Here, again, we have to support GROVE'S (1972), BRETT et al.'s (1976) and SZALAY and DELSON'S (1979) suggestions that the subgenus Chaeropithecus could be considered as a single species bearing the species name Papio hamadryas LINNAEUS 1758. On the other hand, an alternative opinion is that the hamadryas is one species, Papio hamadryas (KAWAI & SUGA-WARA, 1976a, b; IWAMOTO, 1980) , and other Papio species should be lumped into another species, Papio cynocephalus (DEVORE & WASHBURN, 1963; BUETTNER-JANUSCH, 1966; JOLLY, 1966; KINGDON, 1971 ). This opinion is based largely on the morphological differences between the adult males and on the differences in social structure between the hamadryas and the other Papio "species."
The genetic distance of 0.0679 suggests that a divergence time between the hamadryas and anubis can be calculated as 339,500 years [using NEI'S (1975) method]. Since the divergence time estimated from genetic distances in the Asian macaques was relatively comparable to palaeontological estimation (NozAWA et al., 1977) , we infer that a population of the common ancestors of the Papio baboons were cut off in a dry area in the northeastern part of Africa during the middle Pleistocene and were exposed to such intense selection pressure in a hot and dry environment that their morphology and behaviour differentiated rather rapidly. Considering that the morphological differences between Negroid and Mongoloid peoples in Homo sapiens have been established only for about 120,000 years (NEI, 1975) , our conjecture is not so unreasonable. If the fossils of Papio sp. found at Hadar (JOHANSON • TAIEB, 1976) and Omo (EcK, 1977; IWAMOTO, pers. comm.) in Ethiopia prove to be from the common ancestors of the present Papio species, it would lend considerable support to our hypothesis.
SUGAWARA (1979, in press ) reported that there were significant correlations between the rank order with which males tended to herd females and their morphological rank order (hybrid indices) from hamadryas to anubis in both the hybrid groups MK and MG and suggested that the behaviour of hamadryas adult males was controlled by a genetic factor. In contrast, there are few correlations between morphological and genetical indices in the present analyses, perhaps because the genetical index is calculated only from three major genes as markers and these major genes may have continued to segregate and recombine independently of the morphological characters through several generations after hybridization. Moreover, we can not identify any significant correlations between the behaviour of hamadryas adult males and their possession of the three major genes. It seems likely that the lack of these correlations are because the morphological and behavioural characters observed by SUGAWARA are controlled by polygenic factors segregating independently with each other.
OLIVIER, BUETTNER-JANUSCH and BUETTNER-JANUSCH (1974) attempted to estimate the migration rate per generation (~) among nine troops of anubis baboons inhabiting Laipikia district in northern Kenya by using two polymorphic loci of carbonic anhydrase as markers. They estimated ~ in the range from 0.094 to 0.214 corresponding to N (effective population size) varying from 85 to 30. The author's estimate of average migration rate (~) among three troops ofhamadryas baboons was 0.12 and this would seem to be comparable to those obtained among the anubis troops studied by OLIVIER, BUETTNER-JANUSCH and BUETTNER-JANUSCH (1974) , the distribution area of the troops being approximately equal and the effective population sizes being in a same range. Assuming a genetic equilibrium in the hybrid zone, the migration rate between the two neighbouring hybrid group MG and MK was roughly estimated as about 0.075 per generation and this value was considered to be compatible with the results of field observation suggesting that MG and MK groups had exchanged at least a few individuals during the last three years (SuGAWARA, in press ). Thus, we can conclude that there is much migration between troops of baboons and that the migrant genes from one kind of baboon have been diffusing into the populations of the other kinds.
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